Abstract: The potent neurotoxin saxitoxin (STX) belongs to a group of structurally related analogues produced by both marine and freshwater phytoplankton. The toxins act by blocking voltage-gated sodium channels stopping the inflow of sodium ions and the generation of action potentials. Exposure from marine sources occurs as a result of consuming shellfish which have concentrated the toxins, and freshwater exposure can occur from drinking water although there have been no acute poisonings from the latter source to date. Previously, the majority of research into this group of toxins, collectively known as the paralytic shellfish toxins, has focused on acute exposure resulting in paralytic shellfish poisoning. While acute exposure guidelines exist for both sources, there are no chronic exposure guidelines and there has been minimal research into this pattern of exposure despite the known role of electrical activity in neurogenesis. We aimed to investigate this pattern of exposure and its potential effects on neurodevelopment using model neuronal cells. PC12 and SH-SY5Y cells were exposed to STX (0.25-3 lg/l) for 7 days, after which time they were stained with TRITC-Phalloidin, to observe adverse morphological effects. Cells exposed to STX had a significant decrease (18-85%) in long axonlike projections, instead exhibiting a significant increase in shorter projections classified as filopodia (p < 0.05). The results suggest that extended low-dose exposure to STX can inhibit proper neurite outgrowth at concentrations well below guideline levels for both sources of exposure making it a potential public health concern.
The paralytic shellfish toxins (PSTs) are a group of structurally related neurotoxins produced by both marine and freshwater phytoplankton. The PSTs share a 3,4,6-trialkyl tetrahydropurine skeleton with side chain variations giving up to 57 analogues [1] . These analogues can be grouped depending on their side chain variations including STX, the gonyautoxins (GTX) and the C-toxins. PSTs act by reversibly binding to axonal voltage-gated sodium channels (VGSC), blocking the inflow of sodium ions and subsequently the generation of action potentials so that neurons lose their ability to transmit electrical impulses [2] . The result can be numbness, paralysis and even death by respiratory depression. Additionally, the PSTs have also been shown to act on calcium and potassium channels [3] . Acute exposure through consumption of marine shellfish has been well researched, giving the toxins their name, yet little is known of the effects of extended low-dose exposure from either source.
The most well-known and researched source of the PSTs are the marine dinoflagellates [4] , which are consumed by invertebrates such as shellfish, crustaceans and molluscs without being affected by the toxin. The toxins become concentrated by the invertebrates and are then ingested by consumers, causing paralytic shellfish poisoning [1] . There are strict safety guidelines for commercially produced seafood that stipulate a maximum of 80 lg STXeq/100 g of shellfish tissue.
Although seafood monitoring programmes have been set up globally to prevent acute poisonings, low-dose extended exposure may occur in coastal communities who rely heavily on a seafood diet. These communities are likely consuming more than expected daily averages of shellfish and for considerable periods of time. So, while acute poisoning may not occur, more subtle low-dose adverse effects may be taking place. In fact, recently, it has been suggested that the current guideline is not protective enough, especially for populations of people consuming large amounts of shellfish and should be lowered to 7.5 lg STXeq/100 g of shellfish [5] .
In the freshwater environment, the PSTs are produced by cyanobacteria [6] , a concern for public health as these freshwaters can be the source of drinking water for humans. The cyanobacteria responsible for the production of PSTs as well as the analogues produced vary globally [7] . Drinking water quality guidelines based on acute paralytic shellfish poisoning events suggest a health alert level of 3 lg STX eq/l [8] , and while there have been livestock deaths from drinking untreated water [9] , water treatment practices aimed at meeting these guidelines have ensured that there have been no human fatalities from this source. However, although cyanobacterial cell numbers vary seasonally [10] , the PSTs can persist in water for several months so that extended low-dose exposure below guideline levels is possible [11] .
Additionally, it has been suggested that the predicted future climatic changes associated with global warming such as increased water temperatures, nutrient loading and stratification, as well as altered rainfall will favour freshwater cyanobacterial growth. This could have implications for the frequency, timing, size, duration and distribution of algal blooms [12] . While the effect this will have on toxin production is unknown, it has been predicted that toxin levels will increase as growth conditions become more favourable [13, 14] . Therefore, the potential presence of low concentrations of PSTs in drinking water is likely to be a continuing issue in the future.
Given the action of the PSTs at VGSC, one potential but more cryptic outcome of extended exposure is alterations in neurogenesis as electrical activity has been described as playing an important role in normal CNS development [15] . This hypothesis is supported by the fact that the structurally different but similarly acting toxin tetrodotoxin has been shown to disrupt normal CNS development [16] .
Therefore, we aimed to determine whether extended lowdose exposure to STX could affect normal neuronal development of axonlike processes by measuring dose-related morphological changes in model neuronal cells. We found that extended low-dose exposure to STX inhibited neurite outgrowth in two model neuronal cell lines, PC12 Ordway and SHSY5Y, which have previously been used to study neuronal development [17] . Both cell lines are known to produce neuronal morphology representative of neuronal differentiation, including long axonal-like outgrowths. Additionally, PC12 cells are a model of peripheral neurons of the autonomic nervous system while SH-SY5Y cells are a model for neurons from the central nervous system, allowing us to examine the effects on both nervous systems. To our knowledge, this is the first paper to look directly at extended low-dose exposure to STX and its effects on mammalian neurodevelopment.
Materials and Methods
Materials. All materials were sourced from Sigma-Aldrich Australia unless stated otherwise. (American Type Culture Collection, ATCC) were grown in Roswell Park Memorial Institute (RPMI) medium and Dulbecco's modified Eagle's medium (DMEM), respectively. Each medium was supplemented with 5% foetal calf serum and 2 mM L-glutamine, 1% non-essential amino acids, 1000 U/ml penicillin and streptomycin. Cells were cultured at 37°C with 5% CO 2 and passaged every 3-4 days. No exogenous growth factors were added.
STX exposure. 1 9 10 5 cells were plated on poly-L-lysine (PLL)-coated glass coverslips in their respective growth mediums and incubated overnight (n = 3). Cells were treated with STX dihydrochloride (NRC, Canada) (0.25-3 lg/l) and incubated for 7 days, an exposure time which is considered chronic in these cell lines based on previous studies [18] . Medium and toxin were replaced on day 4.
F-actin staining. After 7 days of treatment, cells were stained with TRITC-Phalloidin, an F-actin stain. Briefly, medium and toxin were removed, and cells were fixed in 3.7% formaldehyde for 10 min. and permeabilized in 0.1% Triton X-100 for 10 min. Non-specific binding sites were blocked with 2% BSA for 1 hr at room temperature, and then, cells were incubated at room temperature with 1.5 lm TRITCPhalloidin for 15 min. in the dark. Coverslips were mounted on glass slides with 50% glycerol. Cells were viewed with an Olympus BX50 fluorescence microscope using a narrow green filter (750 nm) at 609 objective. Cells were imaged using SPOT image software ( Diagnostic Instruments, Inc., Sterling Heights, Michigan, USA). projections per cell and the length of these projections were measured. Cellular projections were classified based on their length. Projections with a length greater than 23 lm were classified as axonal-like (axons), and projections with a length less than this were classified as filopodia. This length classification was based on a description in which cells were deemed positive for neurite extension if processes were longer than a cell body [9] . F-actin staining distribution was plotted by transecting individual cells. 1A ). There were few projections per cell (2 AE 1 mean AE S.E.M., fig. 5 ), and the vast majority (85%) were classified as axons ( fig. 6 ). After exposure to STX, cells remained in a circular habit with multiple short extensions ( fig. 1B-G ). There was a significant increase in the number of projections per cell at 1 lg/l and 2 lg/l ( fig. 5) , and the length of these projections was greatly reduced at 0.5 lg/l and above ( fig. 7) . Even the lowest dose of 0.25 lg/l significantly reduced the percentage of projections classified as axons ( fig. 6 ). The number of projections per cell increased in a concentration-dependent manner up to 2 lg/l followed by a decrease at 3 lg/l. Of the projections which were classified as axons, their length was significantly shorter after exposure to 0.5 lg/l STX ( fig. 7) and above compared to the projections classified as axons on control cells. Additionally, exposure to STX caused changes in patterns of F-actin staining. For control cells, F-actin was localized to one pole of the cell body represented by one prominent peak in the cell profile ( fig. 2A) . In comparison, exposure to STX led to disordered F-actin staining with an overall more diffuse distribution within the cells seen as wide peaks in cell profiles ( fig. 2B-G) . axonal-like extensions. In contrast to the PC12 cells, these cells have a pyramidal-shaped cell body ( fig. 3A) . Again, there were few extensions per control cell (4 AE 1, fig. 5 ), and the majority were classified as axonal-like extensions (54 AE 10%, fig. 6 ). After exposure to STX, the same effects were seen as in the PC12 cells. Cells remained in a circular shape with many short extensions ( fig. 4B-G) . Again, there was an increase in the number of projections per cell ( fig. 5 ), although less than in the PC12 cells with statistically significant effects seen only at 2 lg/l. The percentage of projections classified as axons was also significantly less after exposure to 0.7 lg/l STX and above ( fig. 6 ), and those that were classified as axons were shorter ( fig. 7) .
As with the PC12 cells, there were changes in the pattern of F-actin staining after exposure to STX ( fig. 4A-G) . Again, there was a more diffuse distribution of F-actin as well as instances of concentrated staining at the periphery and the base of the projections.
Discussion
We aimed to determine whether extended low-dose exposure to STX would have an effect on normal neuronal development and found that model neuronal cells exposed to STX in this way had inhibited development of axonal-like extensions and cells remained in a circular habit. These findings are not entirely surprising as disruption of electrical activity has previously been shown to inhibit proper neuronal development [19] , but the fact that dramatic effects were seen at such low concentrations is surprising and raises awareness that this pattern of exposure may be a public health concern.
These findings are significant as the two types of extensions measured, axonal-like and filopodia, have different functionalities. Axons are capable of neurotransmission whereas filopodia have a role in cellular adhesion, exploration, migration and initiation of neurite outgrowth [20] . This change to a predominance of filopodia after exposure to STX will have functional implications for neuronal cells.
During axonal outgrowth, growth cones made up of filopodia and/or lamellipodia progress through a series of processes which lead to the elongation of axons [21] . The increase in number and decrease in length of filopodia together with the decrease in length of axonal-like extensions in this study suggest that the cells exposed to STX are remaining in an immature state or developing at a slower rate.
F-actin is essential for proper axon guidance and is the primary cytoskeleton element which maintains growth [21] . After exposure to STX, there was a disorganization of the F-actin staining. Given the important role of F-actin in the initial outgrowth of axons, it is likely that STX is indirectly disrupting the proper activity of F-actin and subsequently the number and type of projections seen here.
In comparison with F-actin, microtubules play an important role in axon elongation and are essential to axon structure [21] . It would therefore be beneficial in future studies to stain for both F-actin and tubulin to increase our knowledge of the effect STX is having on axonal outgrowth.
One potential outcome of these adverse effects could be a loss of the cells' capability of neurotransmission, or their ability to form axonal links with other neurons and target tissue could be reduced so that neuromuscular development is compromised.
Recently, it was shown that after administration of low doses of STX and high doses of tetrodotoxin to cultured Fig. 5 . Effect of STX on number of projections per cell in PC12 and SH-SY5Y cells. Cells grown on PLL-coated coverslips in 6-well plates were exposed to culture medium alone or 0.25-3 lg/l STX with medium and toxin replaced on day 4 before histochemical staining for F-actin on day 7. Data are expressed as mean AE S.E.M., n = 3 separate experiments. Data were subjected to two-way ANOVA and Tukey's multiple comparisons test comparing treatments to vehicle control, *p ≤ 0.05, **p ≤ 0.01. Fig. 6 . Effect of STX on percentage of projections per cell classified as axons in PC12 and SH-SY5Y cells. Cells grown on PLL-coated coverslips in 6-well plates were exposed to culture medium alone or 0.25-3 lg/l STX with medium and toxin replaced on day 4 before histochemical staining for F-actin on day 7. Data are expressed as mean AE S.E.M., n = 3 separate experiments. Data were subjected to two-way ANOVA and Tukey's multiple comparisons test comparing treatments to vehicle control, **p ≤ 0.01 ***p ≤ 0.001, ****p ≤ 0.0001. Where no S.E.M. bar is visible, error is smaller than symbol. Fig. 7 . Effect of STX on length of projections classified as axons in PC12 and SH-SY5Y cells. Cells grown on PLL-coated coverslips in 6-well plates were exposed to culture medium alone or. 0.25-3 lg/l STX with medium and toxin replaced on day 4 before histochemical staining for F-actin on day 7. Data are expressed as mean AE S.E.M., n = 3 separate experiments. Data were subjected to two-way ANOVA and Tukey's multiple comparisons test comparing treatments to vehicle control, *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001. Where no S.E.M. bar is visible, error is smaller than symbol.
primary murine motoneurons (1-10 nM and 100 nM, respectively), axonal outgrowth was reduced [22] . These STX concentrations equate to 0.37-3.7 lg/l; taken together with our results, this demonstrates the ability of STX to adversely affect multiple cell types including those from the autonomic and central nervous system and motoneurons. Additionally, effects were seen in cells from both rodent and humans and appear to represent mechanisms common to both species.
Similarly reduced axonal outgrowth was seen in motoneurons of knockout mice lacking the Na v 1.9 VGSC isoform of the sodium channel [22] . Interestingly, the knockout mice with reduced axonal growth showed defects in pain perception, but otherwise developed normally. This raises questions as to how the adverse effects we have seen here in individual cells would translate to an entire nervous system in vivo and will depend greatly on how much ingested toxin reaches neurons and the location of these neurons.
Paralytic shellfish toxins have been shown to be readily transported across gastrointestinal epithelium [23] and distributed throughout the body including the brain, cerebrospinal fluid, liver, bile, spleen, heart, thyroid and adrenal glands, pancreas and lungs [24] . Additionally, the PSTs have been shown to have a rapid absorption with an absorption rate constant of 1.32 l/h with the total amount of toxin administered being absorbed [25] . This efficient uptake and widespread distribution, as well as the ability to cross the blood-brain barrier, show that a multitude of different neurons throughout the body could be affected, even at low-exposure concentrations. It is unknown whether the PSTs are capable of crossing the placental barrier, potentially affecting a foetus.
Both the VGSC and calcium channels have multiple isoforms, each with different sensitivity to STX. For example, there are nine different isoforms of sodium channels (Na v 1.1 to Na v 1.9) each varying in spatial and temporal distribution in an organism and each being linked to different disease states. In humans, Na v 1.1, Na v 1.2, Na v 1.3 and Na v 1.6 are found mainly in the central nervous system, and Na v 1.7, Na v 1.8 and Na v 1.9 are found mainly in the peripheral nervous system [2] . Calcium channel isoforms include N-and P-types which are mainly neuronal and T-and L-types which are both muscular and neuronal. STX has been shown to block N-type channel activity and partially block L-type channels [3] . Therefore, the adverse effects seen in vivo could vary between cell types depending on channel isoforms present. This variation between cell types was evident here as the increase in the number of cellular projections was significantly greater in PC12 cells after exposure to 2 lg/l STX than in SH-SY5Y cells. PC12 cells have been shown to express Na v 1.2 [26] and Na v 1.5 [27] , while SH-SY5Y have been shown to express mostly Na v 1.2, Na v 1.3 and Na v 1.7 in addition to some Na v 1.4 and Na v 1.5 [28] and Na v 1.9 [29] .
While the results themselves are significant and raise awareness about the possible consequences of this pattern of exposure, the underlying mechanisms causing this change in cellular morphology will still need to be determined. As mentioned above, the PSTs have also been shown to act on other voltage-gated channels, and they have also been shown to affect antioxidant machinery [30] , suggesting that the actions of the PSTs may be more complex than originally thought.
In conclusion, this work shows that extended exposure to environmentally relevant low concentrations of STX had an adverse effect on the proper development of model neuronal cells in culture. Concentrations administered were below both the shellfish and drinking water guidelines, concentrations which could very well be consumed on a daily basis, and significant effects were seen even at 1/10th the drinking water guideline concentration. These adverse effects could have implications for the development of the nervous system as a whole. Further investigation is certainly needed into this pattern of exposure, including in vivo studies and exposure to a mix of the toxin analogues which is more likely from both sources.
